The distribution of nitrifying bacteria of the genera Nitrosomonas, Nitrosospira, Nitrobacter and Nitrospira was investigated in a membrane-bound biofilm system with opposed supply of oxygen and ammonium. Gradients of oxygen, pH, nitrite and nitrate were determined by means of microsensors while the nitrifying populations along these gradients were identified and quantified using fluorescence in situ hybridization (FISH) in combination with confocal laser scanning microscopy. The oxic part of the biofilm which was subjected to high ammonium and nitrite concentrations was dominated by Nitrosomonas europaea-like ammonia oxidizers and by members of the genus Nitrobacter. Cell numbers of Nitrosospira sp. were 1±2 orders of magnitude lower than those of N. europaea. Nitrospira sp. were virtually absent in this part of the biofilm, whereas they were most abundant at the oxic±anoxic interface. In the totally anoxic part of the biofilm, cell numbers of all nitrifiers were relatively low. These observations support the hypothesis that N. europaea and Nitrobacter sp. can out-compete Nitrosospira and Nitrospira spp. at high substrate and oxygen concentrations. Additionally, they suggest microaerophilic behaviour of yet uncultured Nitrospira sp. as a factor of its environmental competitiveness.
Introduction
Nitrifying bacteria which participate in the nitrogen cycle by the successive oxidation of ammonium via nitrite to nitrate have been intensively studied for years using Nitrosomonas europaea (Koops and Mo È ller, 1992) and Nitrobacter sp. (Bock and Koops, 1992) as model organisms (Prosser, 1989; Laanbroek and Woldendorp, 1995) . However, recent data obtained by molecular techniques show that yet uncultured ammonia and nitrite oxidizers of the genera Nitrosospira (Hiorns et al., 1995; Stephen et al., 1996; Kowalchuk et al., 1997) and Nitrospira (Burrel et al., 1998; Hovanec et al., 1998; Juretschko et al., 1998; Schramm et al., 1998; Okabe et al., 1999) also frequently occur in the environment. What are the environmental factors that select for certain nitrifying populations in nature? This is a challenging question considering that many strains so far rejected cultivation. In the absence of pure cultures to study their ecophysiology, one might detect nitrifying bacteria in a cultivation-independent way in various habitats based on their 16S rDNA sequences and relate this to data of some important environmental factors such as pH, nitrogen or oxygen concentrations (Kowalchuk et al., 1997; Hastings et al., 1998; Princic et al., 1998) . However, as a result of the occurrence of chemical microgradients and microniches in soil, sediment or biofilms, the information derived from such correlations is rather indirect and therefore limited. More direct information about microenvironments and distribution of nitrifying bacteria can be obtained by the combined use of microsensors and fluorescence in situ hybridization (FISH), as already previously demonstrated for biofilms (Schramm et al., 1996 (Schramm et al., , 1998 Okabe et al., 1999) . Recently, even the in situ kinetics of uncultured nitrifying bacteria have been estimated by this approach . Based upon these results, it was hypothesized that members of the N. europaea lineage (Pommerening-Ro È ser et al., 1996) and Nitrobacter sp. could out-compete Nitrosospira sp. and Nitrospira sp. in habitats with high substrate concentrations because of their higher maximum growth rates, whereas Nitrosospira sp. and Nitrospira sp. were better competitors in lowsubstrate environments as a result of their lower K m values . The goal of this study was to test this hypothesis in a gradient system (Thomas and Wimpenny, 1993) containing these four genera of nitrifying bacteria. The distribution of the different nitrifiers (as shown by FISH) along chemical gradients (measured by microsensors) should yield information about their ecological adaptations if monitored over a longer time period, e.g. during the initial succession of the biofilm.
A nitrifying pilot reactor (O È zoguz, 1997) has recently been shown to exhibit microgradients of oxygen, nitrite and nitrate within the biofilm (de Beer et al., 1997) and to contain a diverse nitrifying community, i.e. Nitrosomonas sp., Nitrosospira sp., Nitrobacter sp. and Nitrospira sp. . In this reactor, the biofilm was supplied with oxygen via a gas-permeable membrane (the biofilm substratum) while ammonium was provided from the bulk water. The concept of separating oxygen supply from substrate supply in order to enhance nitrification and to enable simultaneous nitrification±denitrification in biofilms has been reported previously (Timberlake et al., 1988) . To facilitate microsensor measurements directly in the reactor and to enable multiple samplings for FISH analysis, a similar laboratoryscale system was set up for this study.
Results and discussion

Biofilm development
With the start-up of the laboratory-scale biofilm reactor, NH 4 1 concentrations in the bulk water decreased while ) with no preference for a certain zone in the biofilm or for one of the two populations. As ammonia-oxidizing bacteria catalyse the first reaction of a two-step process and are faster growing than nitrite-oxidizing bacteria Prosser, 1989) , dominance of ammonia oxidizers and accumulation of NO 2 2 is to be expected for the start-up phase of a nitrifying bioreactor. In week 10, the biofilm thickness had increased to about 600 mm. Microprofiles followed a similar trend as in week 5, and a stratification of the nitrifying community became evident (see below). From week 10±14, neither bulk water measurements (data not shown) nor microprofiles nor the community structure of nitrifying bacteria showed any significant change (see below). Although the continuous accumulation of nitrite indicated that the system
had not yet reached a steady-state situation, the chemical gradients were very similar over at least 9 weeks. Stratification and community structure of nitrifying bacteria, which were stable from week 10 to week 14, are therefore assumed to be a result of the conditions prevailing in the biofilm during the succession.
Microprofiles in weeks 10 and 14
The concentration profiles of weeks 10 and 14 were very similar for all compounds measured, and the heterogeneity at 1 week was usually in the same range as the differences between the 2 weeks. Oxygen penetrated the biofilm up to 150±250 mm distance from the membrane, with mean values of 188^35 mM (week 10) and 1684 8 mM (week 14) directly at the membrane. pH decreased in week 10 from 7.6 at the biofilm surface to 7.0 at the membrane while the respective values were 7.8 and 6.4 in week 14. Ammonium was always in the range of 15±20 mM. In week 10, the concentrations of nitrate increased from 90^8 mM (week 14: 77^38 mM) at the biofilm surface to 262^93 mM (week 14: 3891 57 mM) at the membrane. For nitrite, the same trend was observed but with higher values of 216^77 mM (week 10) or 356^96 (week 14) at the biofilm surface and 845^520 mM (week 10) or 842^465 mM (week 14) at the membrane. These microprofiles ( Fig. 1 , profiles of week 10 are displayed) together show a stratified biofilm with an oxic, nitrifying core around the silicone membrane that accumulates high concentrations of especially nitrite and is completely saturated with ammonium. The anoxic, outer part of the biofilm is characterized mainly by diffusion of nitrite and nitrate out of the biofilm. Additionally, as the profiles of nitrite and nitrate are not perfectly linear, denitrification relying on endogenous organic carbon might occur.
Distribution of nitrifying bacteria in weeks 10 and 14
The use of probe EUB338 as a positive control showed that probe penetration was sufficient to enable FISH in all parts of the biofilm. Unspecific binding of probe NON (as negative control) and autofluorescence were negligible, except for some easily distinguishable crystalline particles. A set of hierarchical oligonucleotide probes (Table 1) was applied to identify reliably ammonia-oxidizing bacteria of the b-subclass of Proteobacteria, as outlined before . Populations identified by the different probes were quantified and compared on the basis of their cell area, and in all samples a close match (within the standard deviations) was found for the areas detected by probes NSO190, NSO1225 and NSM156 1 NSV443. However, only about 5% of all ammonia oxidizers hybridized with probe NSV443, specific for the genus Nitrosospira. Furthermore, hybridizations with probes NSM156, NEU23a and Nse1472 yielded very similar area values. Thereby, the vast majority of the ammonia oxidizers is demonstrated to belong to the N. europaea±eutropha±halophila group while Nitrosospira sp. accounted only for about 5% of all ammonia oxidizers. Additionally, few cells of Nitrosococcus mobilis have been detected by probe NmV in all samples. These in no case constituted more than 0.1% of all ammonia oxidizers. This low number is not surprising as N. mobilis is a halophilic strain which is easily overgrown by N. europaea in low-salt environments (Juretschko et al., 1998) . A clear stratification of nitrifying bacteria ( Fig. 2A and B) was established along the gradients (Fig. 1) Fig. 1 . Gradients of oxygen (X), pH (1), nitrite (V) and nitrate (A) in the 10-week-old membrane biofilm, as measured with microsensors. For each data point, mean values and standard deviations of 10 profiles are shown except for the nitrate profile, where standard deviations were in the same range as mean values. Therefore, they had to be omitted in order to keep the figure readable. The ammonium concentration (dotted line) was extrapolated from three measuring points, i.e. at the membrane, at the biofilm surface and in the bulk water. the membrane where oxygen disappeared, until almost to the biofilm surface cell numbers were in the range of 3 Â 10 9 cm 23 in both weeks. In contrast, Nitrosospira sp. , 1996) . Oxygen seems to be the main factor controlling the distribution of this population in the biofilm as their abundance correlates well with the oxygen concentration. A similar situation was reported previously for Nitrosomonas sp. in a trickling filter biofilm (Schramm et al., 1996; Okabe et al., 1999) . Nitrosospira sp. was not competitive under the conditions prevailing in the oxic part of the biofilm. Whether this was due to a lower specific growth rate, as suggested by pure culture (Belser, 1979) and in situ studies (Schramm et al., 1998 , or due to substrate and/or product inhibition (Prosser, 1989 ) cannot be resolved on the basis of our data. Nitrite-oxidizing bacteria were identified using probe NIT3, specific for all sequenced strains of Nitrobacter , and a combination of probes NSR826 1 NSR1156, which together target all known Nitrospira-like sequences from freshwater habitats (Schramm et al., 1998) . Nitrobacter sp. showed a preference for the high oxygen and nitrite concentrations within the first 100 mm at the membrane, with maximum cell numbers of 5.9 Â 10 10 (week 10) or 4.4 Â 10 10 cells cm
23
(week 14). When oxygen became very low or zero, cell numbers of Nitrobacter sp. decreased whereas Nitrospira sp., which was absent from the first 100 mm at the membrane, reached maximum abundance with cell numbers of about 9.7 Â 10 9 (week 10) or 6 Â 10 9 cells cm 23 (week 14).
This obvious spatial separation, with Nitrobacter sp. only occurring close to the membrane where oxygen and nitrite concentrations were highest, supports the idea that Nitrobacter sp. outgrows Nitrospira sp. at high substrate concentrations , at least if oxygen is not limiting. Low growth rates have been reported for pure cultures of Nitrospira sp. (Watson et al., 1986; Ehrich et al., 1995) and low nitrite-oxidation rates were proposed for uncultured Nitrospira spp. in situ . Why then did Nitrospira sp. establish in the microaerobic zone of the biofilm, i.e. between 150 and 300 mm away from the membrane, even out-competing Nitrobacter sp.? Affinity for nitrite is unlikely to play a selective role because the nitrite concentrations in this part of the biofilm are still about 400 mM and thus above or about the K m (NO 2 2 ) values reported for almost all Prosser, 1989; Hunik et al., 1993) . Oxygen concentrations, however, are with 0± 15 mM well below the Prosser, 1989) . A competitive advantage for Nitrospira sp. on the basis of oxygen affinity would therefore imply that its K m (O 2 ) is significantly lower than that of Nitrobacter sp. The microaerophilic behaviour of Nitrospira sp. in our study is also in agreement with recent findings of Okabe et al. (1999) , who showed maximum abundance of Nitrospira sp. in the microaerobic zone of two types of biofilms. Additionally, they speculated upon the inhibition of Nitrospira sp. by high levels of oxygen. In summary, our data support the idea that Nitrospira sp. might be a typical K-strategist compared with the rstrategist Nitrobacter sp. , based on its putative higher affinities for nitrite and oxygen and its lower growth rate. In many environments, where nitrite concentrations are negligible and nitrifiers have to compete for oxygen with heterotrophic bacteria, Kstrategy might provide a selective advantage. However, physiological diversity is likely to occur in the phylogenetic diverse genus Nitrospira, and one should be cautious to generalize our findings while no information is available from in situ studies on the species level or from pure culture experiments.
In conclusion, the analysis of the distribution of nitrifying bacteria along gradients of oxygen and nitrite yielded insights into the factors that might govern the establishment of populations of different nitrite-oxidizing bacteria in the environment. Nevertheless, efforts should be made to isolate the respective strains to determine K m values and growth rates for pure cultures and to evaluate their growth and competitiveness in defined co-cultures.
Experimental procedures
Biofilm reactor operation
Design and performance of the pilot membrane reactor have been described previously (O È zoguz, 1997) . To facilitate biofilm sampling and true in situ microsensor measurements, a slightly modified laboratory-scale reactor was established and inoculated with material from the pilot plant. Pieces of silicon tubing were mounted as substratum perpendicular to the flow in the lumen of a Plexiglas pipe. Above each tubing, an opening in the pipe that was sealed with a rubber stopper during normal reactor operation enabled the insertion of microsensors. The model system had a volume of 20. ] was added at a rate of 5 l h 21 to a conditioning vessel connected to the recirculation system. Oxygen was supplied by pumping pressurized air (3 bar) through the silicone tubing, temperature was kept at 288C, pH was adjusted to 7.8 and the conditioning vessel was flushed with dinitrogen gas during start-up to prevent biofilm growth apart from the O 2 -supplying membrane. Occasionally, NH 4 1 , NO 2 2 and NO 3 2 in the bulk water were determined by routine chemical analysis (LCK 303, 341 and 339; Dr Lange, Du È sseldorf, Germany) . Oxygen and pH were monitored continuously in the conditioning vessel by macroelectrodes (WTW).
Microsensor measurements
Clark-type microsensors for O 2 (Revsbech, 1989) and liquid ion-exchanging membrane (LIX) microsensors for pH, NH 4 1 , NO 2 2 and NO 3 2 (de Beer et al., 1997) were prepared and calibrated as described previously. Tip diameters were , 10 mm for O 2 , 5 mm for pH, NH 4 1 and NO 3 2 and 15 mm for NO 2 2 microsensors. LIX microsensors were connected to a millivoltmeter and the potential was recorded relative to a calomel reference electrode (Radiometer), whereas O 2 sensors were connected to a picoamperemeter with internal polarization unit. Microprofiles in the biofilm were recorded 5, 10 and 14 weeks after start-up of the laboratory-scale reactor. Measurements were carried out directly in the running reactor by inserting the microsensors through openings in the reactor pipe (de Beer et al., 1997) . The spatial resolution of the measurements was 50 mm, as controlled by a micromanipulator, and the profiles were read on a stripchart recorder. For each parameter, at least 10 profiles were measured at different sites in the biofilm for each measuring day. As the detection of the biofilm surface in the reactor proved difficult, the different profiles were aligned with respect to the biofilm base: the silicone membrane was easily recognized either by disappearance of signal (for LIX sensors as they lost electric contact to the reference electrode) or by a perfectly linear profile within the silicone membrane (for oxygen sensors).
Biofilm preparation
After the microsensor measurements, part of the tubing with the attached biofilm was sampled and immediately fixed in paraformaldehyde solution (4% w/v) for 60 min at 48C (Amann et al., 1990) . The sample was washed in PBS, embedded overnight in OCT compound (Tissue-Tek II, Miles) and frozen in a cryomicrotom at 2358C, as described previously (Schramm et al., 1998) . When frozen, it was possible to cut the tubing with the biofilm into two longitudinal sections using a scalpel and to remove the embedded biofilm material from the tubing without losses (Yu et al., 1994; Schramm et al., 1996) . The biofilm was then mounted with OCT compound to the object holder of the cryomicrotom. Sections of 14 mm thickness were made at a temperature of 2178C perpendicular to the biofilm surface (Schramm et al., 1998) , and immobilized on gelatine-coated microscopic slides (Amann et al., 1990) .
Fluorescence in situ hybridization
The sequences of all oligonucleotide probes used in this study, their target organisms, hybridization conditions and references are given in Table 1 . Probes were synthesized and fluorescently labelled with the hydrophilic sulphoindocyanine dyes CY3 or CY5 at the 5 H end by Interactiva Biotechnologie GmbH. In situ hybridization of dehydrated biofilm sections was carried out at 468C in an isotonically equilibrated humidity chamber according to the protocol of Amann et al. (1990) . Stringent hybridization conditions for the different oligonucleotide probes were adjusted using the formamide and sodium chloride concentrations listed in Table 1 in the hybridization and washing buffers respectively (Manz et al., 1992) . Double hybridizations with two probes that require different stringencies (e.g. NSR826 1 NSR1156) were carried out as subsequent hybridizations starting with the probe of higher dissociation temperature.
The nitrifying populations were quantified using confocal laser scanning microscopy (LSM 510, Carl Zeiss) and image analysis as described in detail by Schramm et al. (1999) . Threshold values were defined to exclude background fluorescence and the probe-positive cell area was quantified. This procedure was calibrated by comparative cell counts and the results were expressed as cells per volume. Each 50 mm layer of the biofilm, starting at the membrane, was quantified separately.
